I. INTRODUCTION
Organic semiconductors form the material basis for the rapidly developing field of organic electronics. 1 The transport of charge and energy in organic semiconductors is fundamental to the operation of organic electronic devices, therefore has attracted continuous research interest over the last several decades. When a temperature gradient is applied to a material, charge carriers move while carrying charge as well as heat, producing a voltage gradient. This property, known as the Seebeck effect, is the basis of thermoelectric power generation. As a basic transport property of solids, the Seebeck measurement can unravel the nature and dynamics of charge transport in organic molecular crystals. Recently, the Seebeck coefficient in thin films of pentacene and single crystals of rubrene has been successfully measured using field-effect devices at the temperature between 295 and 200 K. 2 The measured Seebeck coefficient falls into the range of 0.3-1 mV K −1 , and decreases logarithmically with increasing gate voltage. Earlier measurements on thermal transport properties in pentacene thin films and rubrene single crystals show room-temperature thermal conductivities of the order of 0.5 W m −1 K −1 . 3, 4 The relatively large Seebeck coefficient and low thermal conductivity indicate that these organic semiconductors can be potentially good thermoelectric materials.
Thermoelectrics interconvert heat and electrical energy for power generation or refrigeration. Current applications of thermoelectric generators and coolers, however, are severely hindered by the limited efficiency of thermoelectric materials, quantified by the thermoelectric figure of merit. The dimensionless thermoelectric figure of merit zT = S 2 T / of a material is determined by its Seebeck coefficient S, electrical conductivity , and thermal conductivity = e + L with both the lattice and electronic contributions. To maximize the thermoelectric efficiency of a material, a large Seebeck coefficient, high electrical conductivity, and low thermal conductivity are required. As these material properties are interrelated and conflicting, a number of parameters such as carrier concentration, effective mass of charge carriers, and the electronic and lattice thermal conductivities need to be optimized to maximize zT. By far the most widely used thermoelectric materials are alloys of Bi 2 Te 3 and Sb 2 Te 3 , with peak zT values typically in the range of 0.8-1.1. 5 Recent advances in thermoelectrics demonstrate that complexity and disorder within the unit cell as well as nanostructured materials can lead to enhanced efficiency due to enhanced Seebeck coefficient and reduced thermal conductivity. 6 Complex bulk materials such as skutterudites, clathrates, and Zintl phases have been explored and high efficiencies could indeed be obtained. Organic semiconductors have shown promising thermoelectric properties, but have drawn little attention in the search for novel thermoelectric materials. The aim of this investigation is to examine the potential of organic molecular thermoelectrics based on first-principles band structure calculations and the Boltzmann transport theory. Discovery and design of optimal, cost-effective materials often require concerted efforts from both experimentalists and theorists to characterize the properties of new targeted materials. 7 role in materials sciences. Indeed, renewed interest in thermoelectrics beginning in the mid-1990s is motivated by theoretical predictions that thermoelectric efficiency could be greatly enhanced by quantum confinement of the electron charge carriers. In the past decade, the first-principles electronic structure calculations and the Boltzmann transport theory have been combined and applied successfully to predict the optimum doping level in established thermoelectric materials, and to discover new materials for thermoelectric applications. [8] [9] [10] [11] Due to the advances of modern quantumchemical and computational techniques, it is now possible to compute the band structure of relatively complex systems. In this paper, we apply the combination of first-principles electronic structure and Boltzmann transport methods to exploring the thermoelectric performance of two prototypical organic semiconductors, pentacene and rubrene. By applying the constant relaxation time approximation to the Boltzmann equation, we have obtained the absolute value of the Seebeck coefficient and its carrier concentration and temperature dependences.
The organization of the paper is as follows. Section II briefly summarizes the theoretical methods and computational parameters used in our calculations. Detailed results of the band structures, the Seebeck coefficients, and the thermoelectric figures of merit are presented and discussed in Sec. III. Main conclusions are drawn in Sec. IV.
II. METHODOLOGY

A. Boltzmann transport theory
To evaluate the transport coefficients, we need a microscopic model of the transport process. We use the semiclassical method given by the solution of Boltzmann transport equation in the relaxation time approximation. The Boltzmann formalism describes the changes of carrier distribution function induced by the electric or magnetic fields, thermal gradient, lattice phonon scattering, or defect scattering. Due to the difficulty to take into account various charge carrier scattering mechanisms, a relaxation time approximation is usually adopted. A comprehensive description of the Boltzmann transport theory in the relaxation time approximation can be found elsewhere, 12 a brief summary of formalism used in this work is provided below. In terms of group velocity
the energy projected transport distribution ͑TD͒ tensor is defined as
where N is the number of k-points sampled, i,k is the band index i and wave vector k dependent relaxation time, ␣ and ␤ are the Cartesian indices, and e is the electron charge. The electrical conductivity, Seebeck coefficient, and thermal tensors as a function of temperature, T, and chemical potential, , can be written as
where ⍀ is the volume of unit cell and f 0 is the Fermi-Dirac distribution function. The electronic thermal conductivity is defined as
In this work, is simplified as an energy-independent constant. It is noted that the absolute value of S is obtained with this simplification, whereas and e can only be calculated with respect to . The constant relaxation time approximation has been tested earlier and found to work quite well even for materials with highly anisotropic crystal axes. 10 The essential step in the evaluation of electrical transport coefficients is to obtain the TD function, which is related to group velocities by Eq. ͑2͒. In order to obtain accurate velocities from band energies, the band interpolation method proposed by Madsen and Singh is used. 8, 13 The method has been implemented in the BoltzTrap program 13 that can be interfaced to electronic structure packages such as WIEN2k or Vienna ab initio simulation package ͑VASP͒. 9, 13 To discuss the anisotropy of various transport properties, the transport tensors are output along the three crystal directions.
B. Electronic structure calculations
The first-principles band structure calculations are performed by the projector-augmented wave method 14 with the Perdew-Burke-Ernzerhof generalized gradient approximation 15 as implemented in VASP. 16 A plane-wave cutoff energy of 400 eV and an energy convergence criterion of 10 −4 eV for self-consistent cycle are adopted throughout calculations. The spin-orbit coupling is not considered. The atomic coordinates in the crystal structure are first relaxed with the lattice parameters fixed. For ionic relaxation and charge density calculations, a 6 ϫ 6 ϫ 4 and 4 ϫ 4 ϫ 4 Monkhorst-Pack k-mesh 17 are used for the primitive unit cell of pentacene and rubrene, respectively. The tetrahedron method with Blöchl corrections is used for smearing. For transport coefficients calculations, a much dense k-mesh of 21ϫ 21ϫ 11 is used for pentacene and 13ϫ 13ϫ 13 for rubrene, which amounts to a total number of 2426 and 343 points in the irreducible Brillouin zone, respectively. Convergence test is also performed with denser k-points. In the band structure calculations, the charge density obtained from previous self-consistent run is used and the Gaussian smearing method with a width of 0.05 eV is applied.
III. RESULTS AND DISCUSSION
A. Band structures
Pentacene is known to crystallize in at least four polymorphs. The band structures of pentacene single crystal phases with a d spacing of 14.5 and 14.1 Å have been studied earlier within the density functional framework. 18 The substrate-induced 15.4 Å polymorph is the most relevant to organic thin-film transistor applications and is adopted in the current investigation. The lattice parameters of pentacene thin-film phase on SiO 2 are a = 5.958 Å, b = 7.596 Å, c = 15.61 Å, ␣ = 81.25°, ␤ = 86.56°, and ␥ = 89.80°. 19 Rubrene crystallizes in the orthorhombic structure with lattice parameters of a = 26.86, b = 7.19, and c = 14.43 Å. 20 The crystal structure of these materials is characterized by the in-plane herringbone arrangement of two inequivalent molecules and the layered structure of molecules in the perpendicular direction. The band structures and density of states ͑DOS͒ of pentacene and rubrene are depicted in Fig. 1 . The reciprocal coordinates of high-symmetry points are ⌫ = ͑0,0,0͒, Y=͑0.5,0,0͒, B=͑0,0.5,0͒, Z=͑0,0,0.5͒, A=͑0.5, 0.5, 0͒, D=͑0.5, 0.5, −0.5͒, and K = ͑0.5, 0 , 0.5͒, respectively, in pentacene and ⌫ = ͑0,0,0͒, Y=͑0.5, 0.5, 0͒, Z=͑0,0,0.5͒, T=͑0.5, 0.5, 0.5͒, R=͑0 , 0.5, 0.5͒, and S=͑0,0.5,0͒, respectively, in rubrene. Since the crystal structure of these compounds contains two molecules in a unit cell, each band in the band structures appears in pair. Band dispersions of the two subbands of the highest valence band ͑VB͒ and the lowest conduction band ͑CB͒ along highsymmetry directions are provided in Table I . The hole transport behavior is governed by the structural feature of the highest VB. A rather dispersed lower subband and a relatively flat upper subband are noted in the highest VB of pentacene. In contrast, the band splitting in the highest VB of rubrene is quite small. Consequently, the DOS in pentacene exhibits a sharp peak at the top of the VB whereas the DOS distribution at the top of VB is relatively smooth in rubrene. As will be seen below, for highly doped semiconductors, the magnitude of the Seebeck coefficient is determined by the DOS distribution around the Fermi level. Sharper distribution of DOS leads to larger Seebeck coefficient.
B. Seebeck coefficient
The Seebeck coefficient calculated as a function of carrier concentration at room temperature is plotted in Fig. 2͑a͒ along with the experimental data. 2 The carrier concentration N is defined as the difference between the hole concentration, 
and the electron concentration,
where g͑͒ is the DOS. Field-effect-modulated thermopower measurements have been realized recently on crystalline organic semiconductors. 2, 21 In the field-effect transistor ͑FET͒ structure, field-induced charge carriers move along the interface between the organic semiconductor and the dielectric gate, so conduction occurs at the surface of the semiconductor. 22 Semiquantitative agreement has, however, been found between carrier mobilities obtained from FET measurements and models developed for bulk transport. In the field-effect-modulated thermopower measurements, the influence of the gate insulator or the treatment of the gate insulator on S is not obvious, suggesting that the underlying mechanisms represent intrinsic properties of organic semiconductors. In order to compare to the Seebeck coefficient measured in the FET geometry, our calculated carrier concentration is converted to the carrier density at the surface of semiconductors by multiplying the thickness of the conduction channel, T int . The value of T int is taken as 15 Å for pentacene as done in the literature 23 and 27 Å for rubrene, which corresponds to approximately two molecular layers. The calculated S is found to decrease linearly with E F as the Fermi-level position shifts from the middle of the band gap downward into the VB. At the same time, carrier concentration increases exponentially with E F . As a result, the Seebeck coefficient decreases logarithmically with increasing carrier concentration, in agreement with the experimental observations. 2 However, Fig. 2͑a͒ shows that S decreases at a different rate from the measurement. Since charge carriers fill the available states at E F at a rate determined by the DOS, different rates between calculations and measurements actually reflect different DOSs. One has to bear in mind that the DOS calculated in a perfect crystal is different from that appears in a real material at the interface of semiconductor and dielectric gate. As the Fermi-level position moves deep into the VB where the influence of in-gap trap states is insignificant, better agreement is achieved.
The Seebeck coefficient in pentacene is slightly larger than that in rubrene. It can be understood from the different shapes of the DOS of these two compounds and the Mott formula,
which shows that the Seebeck coefficient is sensitive to the energy derivative of the conductivity. The sharp features in the DOS of pentacene, therefore, increase the Seebeck coefficient for a given carrier concentration and conductivity. The enhanced Seebeck coefficient in pentacene is essentially a result of the upper flat subband in the highest VB, which leads to sharp DOS. One feature noticed for the Seebeck coefficient is that unlike the electrical conductivity which is highly anisotropic, the Seebeck coefficient is almost isotropic. Since the Seebeck coefficient is defined as the ratio of the 0th and 1st moments of the electrical conductivity, the anisotropy of the Seebeck coefficient is not as pronounced as that of the electrical conductivity due to the cancellation effect. The temperature influence on the Seebeck coefficient has also been studied in the range of temperature between 200-300 K. The Seebeck coefficient calculated as a function of carrier concentration at different temperatures is shown in Fig. 2͑b͒ for rubrene. It can be seen that the overall influence of temperature is insignificant as observed in the experiment.
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C. Theoretical thermoelectric figure of merit zT
The Seebeck coefficient S, electrical conductivity , thermoelectric power factor S 2 , electronic thermal conductivity e , and the dimensionless figure of merit zT = S 2 T / ͑ e + L ͒ are plotted as a function of the carrier concentration at room temperature in Fig. 3 . As mentioned earlier, only the absolute value of S is obtained in the constant relaxation time approximation; other transport properties are obtained with respect to . Figure 3 shows that at low carrier concentration, the Seebeck coefficient is large, but the electrical conductivity is low, and vice versa at high carrier concentration. Therefore there exists an optimum doping level at which the value of zT is maximized. To evaluate zT, the lattice thermal conductivity L and the relaxation time have to be supplied as parameters. The thermal conductivity has been measured in pentacene thin films and rubrene single crystals, which is of the order of 0.5 W m −1 K −1 at room temperature for both compounds. 3, 4 We then take the measured thermal conductivity as the upper limit of the lattice thermal conductivity, and add to it the calculated electronic contribution to obtain the overall thermal conductivity. The magnitude of charge carrier mobility with respect to is obtained through the relation = eN. The relaxation time is then derived by fitting available experimental mobilities to our calculated values. The temperature dependence of hole mobility in ultrapure pentacene crystals has been extracted from the space charge-limited current measurements. 25 At room temperature, a mobility of 11.2 cm 2 V −1 s −1 is obtained assuming a uniform current distribution across the crystal, whereas a mobility of 35 cm 2 V −1 s −1 is extracted assuming a factor of 10 2 anisotropy of conductivity along the a and c axes. 25 The relaxation time is estimated to be 31 and 97 fs, respectively, by fitting the experimental data to the calculated mobility along the a crystal direction. The magnitude of zT is evaluated based on the calculated transport properties along the a crystal direction. It exhibits a peak value of 0.8 at the carrier concentration of 2 ϫ 10 20 cm −3 for = 31 fs, whereas a peak value of 1.8 at the carrier concentration of 1 ϫ 10 20 cm −3 for = 97 fs. The temperature dependence of charge carrier mobility and thermal conductivity in pentacene has been well characterized experimentally, 3, 25 which allows us to evaluate the temperature dependent thermoelectric figure of merit. The measured hole mobility exhibits a power law dependence on the temperature ϳ T −2.38 with = 11.2 or 35 cm 2 V −1 s −1 at room temperature. 25 The temperature dependent relaxation time can be derived in a similar way as described above. The measured thermal conductivity also displays a strong temperature dependence, which is 0.51 W m −1 K −1 at room temperature, peaks near 273 K with a value of 0.62 W m −1 K −1 , and decreases to 0.3 W m −1 K −1 near 248 K. 3 The zT-N curves at different temperatures are plotted in Fig. 4 for pentacene. At 248 K, zT exhibits a peak value of 1.1 and 2.4, evaluated, respectively, based on the roomtemperature mobility of 11. ͑lower panel͒ at room temperature, respectively. Bi 2 Te 3 , which are about 20 fs. zT along the b crystal direction exhibits a peak value of 0.6 at the carrier concentration of 8 ϫ 10 19 cm −3 . In contrast to pentacene, rubrene only shows moderate thermoelectric figure of merit. The difference of zT in pentacene and rubrene can be attributed mainly to the different Seebeck coefficients in these materials at the optimum doping level. Good thermoelectrics should possess both large Seebeck coefficients and high carrier mobilities, which in turn require both flat and dispersed bands around the Fermi level. These distinctive band features have been observed in pentacene. In rubrene, the two subbands of the highest VB are as dispersed as those in pentacene but are almost degenerate, leading to reduced Seebeck coefficient.
IV. CONCLUSIONS
To conclude, we have applied the first-principles electronic structure calculations coupled with the Boltzmann transport theory to study thermoelectric effects in organic semiconductors. We have obtained the absolute value of the Seebeck coefficient in pentacene and rubrene in the constant relaxation time approximation. The electronic contribution to the Seebeck coefficient and its carrier-concentration and temperature dependences agree reasonably well with the experimental results. A peak zT value in the range of 0.8-1.8 at 294 K and 1.1-2.4 at 248 K is calculated for pentacene, depending on the choice of experimental mobility to derive the relaxation time. These figures of merit, even at the lower limit, are close to those of the state-of-the-art thermoelectric materials. It indicates that organic materials can have great potentials as thermoelectric materials for near-room-temperature applications such as environment-friendly refrigeration. Analysis of the band structures in pentacene and rubrene shows that the good thermoelectric properties rely on the simultaneous presence of both flat and dispersed bands around the Fermi level. The relationship established between electronic structures and thermoelectric properties in the current study shows that first-principles calculations coupled with Boltzmann transport theory can find wide applications in the discovery and design of complex thermoelectric materials.
